Fish is rich in polyunsaturated fatty acids with beneficial effects on human health; however, these lipids are very sensitive to auto-oxidation reactions, leading to loss of nutritional and sensory quality. The effect of traditional (brining, smoking) and novel (addition of polyphenolic extracts, high pressure) preservation processes on the antioxidant/oxidative status of muscle lipids from dolphinfish and sardine was studied. Brining with oregano or rosemary aqueous extracts, as well as smoking, gave rise to deposition of phenolic compounds (9-42, 1.5-4.5 and 0.4-2.3 mg phenol/g for smoked, oregano-brined and rosemary-brined samples, respectively) in the muscle of both fish species. The antioxidant activity, as measured by ferric reducing ability, was also improved after brining with antioxidant extracts or smoking, results ranging from 8.9 to 82 mM FeSO 4 Á 7H 2 O equivalents/mg muscle depending on the treatment and the fish species. Consequently, fish lipid oxidation (as measured by thiobarbituric acid reactive substances) derived from brining and pressurizing, applied alone or in combination, was reduced between 6.6 and 69.8% depending on the treatment and the fish species. The combination of brining with oregano extract and light smoking showed an additional antioxidant effect, as compared with that obtained by smoking, on reducing sardine lipid oxidation derived from brining and pressurizing.
INTRODUCTION
The consumption of fish has been associated with prevention of cardiovascular diseases (Harris, 2007) , which in turn has been attributed mainly to the high level of polyunsaturated fatty acids that they contain. However, fats of this kind are very sensitive to autoxidation reactions, which lead to a loss in the nutritional value of fish. Moreover, it has even been observed that toxic compounds harmful to the health may be formed during oxidation of fish fat .
Although lipid oxidation may take place during preservation of fresh fish in refrigeration, the main factor limiting its shelf life is microbial growth. Consequently, lipid oxidation acquires greater importance in the case of processed fish in which microbial growth has been limited. However, when the effectiveness of a fish preservation process is evaluated, special importance is given to its antimicrobial action, relegating the study of how it may affect the oxidation level to a secondary position.
Brining and smoking are classic examples of preservation treatments that may affect the oxidation status of fish fat. The greater oxidation in brined fish muscle has been related to the incorporation of traces of metal ions that catalyse oxidation reactions (Aubourg and Ugliano, 2002; Guillen and Ruiz, 2004) . Smoking, which is generally applied in combination with brining as a subsequent stage, may also affect the oxidation status of fish muscle, because the fish is processed at temperatures between 22 and 70 C for times ranging between 2 and 24 h, depending on the type of smoking (Doe, 1998) . However, phenolic compounds with an antioxidant capacity (Go´mez-Estaca et al., 2011) are deposited on the muscle during the smoking process, and they may reduce the oxidation induced by the effects of brining and temperature. On the other hand, the application on fish and seafood products of high pressure, a novel preservation technology with an antimicrobial effect, is widely documented (Angsupanich and Ledward, 1998; Lakshmanan et al., 2003; Montero et al., 2007) . One of the drawbacks of this technology in meat and fish is lipid oxidation, which has been related to denaturation of haemoproteins and consequent release of haeminic iron, which catalyses oxidation reactions (Cheftel and Culioli, 1997; Lakshmanan et al., 2005) .
A current trend in food preservation is the application of hurdle treatments, defined as ''a deliberate combination of existing and novel preservation techniques in order to establish a series of preservative factors (hurdles) that any microorganisms present should not be able to overcome'' (Leistner, 1992) . However, it is possible that the application of some combined treatments may have additive or even synergic effects on the oxidation of fish fat, with a consequent loss in nutritional and sensory quality. One example of this might be the combination of fish brining with high pressure processing.
A possible solution to prevent or reduce lipid oxidation derived from traditional or novel processing of fish, applied alone or in combination, is the use of plant extracts rich in polyphenolic compounds of great antioxidant power. In the present work, we selected oregano and rosemary, the composition and antioxidant properties of which are amply described in the literature (Shan et al., 2005; Zheng and Wang, 2001) . Consequently, the aim of this work was to evaluate the impact of certain traditional (brining, smoking) and novel (addition of polyphenolic extracts, high pressure) processes, applied alone or in combination, on the antioxidant/oxidative status of muscle of two fish species with different characteristics and composition, dolphinfish (Coryphaena hippurus) and sardine (Sardina pilchardus), during the initial stages of refrigerated preservation.
MATERIALS AND METHODS

Fish samples
The dolphinfish (C. hippurus) and sardines (S. pilchardus) used in this study were caught off the eastern shore of Majorca Island (in November and May, respectively) and kept at 4 C in ice for about 24-48 h. Ten specimens of dolphinfish (49.3 AE 2.9 cm in length and 1096 AE 117 g in weight) were headed, gutted and filleted, and approximately 60 specimens of sardine (16 AE 0.7 cm in length and 46.9 AE 6.3 g in weight) were headed, gutted and ''butterfly-split''. Both were kept chilled (0 C AE 1) at all times during these processing steps. The dolphinfish fillets had an average length of 33 AE 3 cm and weighed 402 AE 85 g, while the sardine fillets were 11.5 AE 0.5 cm in length and weighed 31 AE 3 g. Crude fat was determined using a standard method (Bligh and Dyer, 1959) , the results being 1.5 AE 0.2 g fat/100 g muscle for dolphinfish and 12.8 AE 0.8 g fat/100 g muscle for sardine.
Experimental design
The raw fish fillets (R-batch) were brined in plain brine (B-batch), oregano-added brine (B-O brine) or rosemary-added brine (B-R brine). A half of each batch was immediately cold-smoked, producing the B-S batch, B-O-S batch (only for sardine) and B-R-S batch (only for sardine), respectively. Each batch was divided into two parts, vacuum packed, one of them was pressurized and the other one was left at atmospheric pressure. All batches, pressurized or not, were stored overnight (15 h) at 2 C AE 1 prior to chemical analyses. A flow diagram showing the different batches prepared is given in Figure 1 .
Brine preparation and brining
Brining was the method selected for salting the fish as it permits homogeneous salt diffusion resulting in uniform salting of the fish and better control of the process. Moreover, with this method it is easy to incorporate the antioxidant extracts being studied, also permitting proper distribution and, foreseeably, greater penetration into the muscle.
Commercial salt (NaCl) purchased in a local market was used, at a concentration of 15 g/100 mL of tap water, and the fish fillets were brined at 20 C at a fish-to-brine ratio of 1:4 (w/v). For batches including oregano or rosemary antioxidant extracts, prior to salt dissolution 10 g of freeze-dried leaves (purchased at local markets) was added for each litre of tap water, Food Science and Technology International 20 (6) heated to 45 C and continuously stirred for 10 min and then filtered through Whatman no. 1 filter paper. Then salt was added at the same ratio as described above. The brine was left to cool down to 20 C prior to the brining process. Based on a previous work in which the salting kinetics of these fish species were studied (Go´mez-Estaca et al., 2011) , the brining times were 90 and 10 min for dolphinfish and sardine, respectively, to achieve a salt content of about 3 g/100 g of muscle in both fish species.
Smoking
After brining, dolphinfish and sardine fillets were immediately cold-smoked and subsequently dried at 26 C AE 1 using beech wood in a smoking oven [Eller model Micro 40 (Merano, Italy) ]. Smoking/drying times, which were specifically fitted to these fish species in a previous work (Go´mez-Estaca et al., 2011) , were 20 min/90 min for dolphinfish and 5 min/75 min for sardine. These smoking times were found to be the ones with the lowest intensity that yielded acceptable products from the sensory point of view.
High pressure treatment
Vacuum packed fish samples were pressurized at 300 MPa, 20 C, for 15 min in a pilot high-pressure unit (ACB 665, GEC Alsthom, Nantes, France). The temperature of the immersion medium (distilled water) was regulated by a thermocouple connected to a programmed temperature controller (model IA/2230 AC, INMASA, Barcelona, Spain). Pressure was increased by 2.5 MPa/s. After the high pressure treatment was completed, the time for the pressure to drop back to atmospheric pressure was around 3 s.
Total phenol determination
A method previously described was employed (Cardinal et al., 2004) . Two grams of chopped muscle was homogenized with 25 mL of 95% (v/v) ethanol for 1 min using a T25 Ultra-Turrax blender (IKA-Werke GmbH & Co. KG, Staufen, Germany). After centrifugation (2500 g, 10 min), 5 mL of supernatant was put in a decantation flask and energetically mixed with 30 mL of distilled water and 0.6 mL of a 2% (w/v) phenyl-2,3-dimethyl-4-amino-5-pyrazolone solution. Two millilitres of 2 N ammonia solution was added and the mixture was homogenized manually. This procedure was then repeated with 2 mL of 2% (w/v) potassium hexacyanoferrate solution. The mixture was then left to stand for 5 min before adding 10 mL of chloroform and mixing energetically for 15 min with a stirring machine. After decantation, the chloroform phase was filtered through a Whatman no. 1 filter containing $3 g of anhydrous sodium sulphate. Absorbance was read at 455 nm on a UV-1601 spectrophotometer (Model CPS-240, Shimadzu, Kyoto, Japan) and results were obtained by interpolating in a standard curve of phenol (Sigma-Aldrich, Madrid, Spain) prepared in advance. Results have been expressed as mg of phenol/g of muscle. All determinations were performed at least in triplicate.
Antioxidant power measurement: FRAP method
Ferric reducing ability (FRAP) was selected as a measure of the antioxidant activity of the muscle, and the measurement method was based on a method previously described (Benzie and Strain, 1996) with slight modifications. Two grams of chopped muscle was homogenized with 25 mL of 95% (v/v) ethanol for 1 min using a T25 Ultra-Turrax blender (IKA-Werke GmbH & Co. KG, Staufen, Germany) and then filtered through Whatman no. 1 filter paper. Thirty microlitres of the filtrate was mixed with 90 mL of distilled water and 900 mL of FRAP reagent (0.3 M acetate buffer pH 3.6, 10 mM 2,4,6-tri(2-pyridyl)-s-triazine and 20 mM iron(III) chloride, in a proportion of 10:1:1) and the absorbance was recorded in a spectrophotometer after 4 min of reaction. Results were expressed as FeSO 4 Á 7H 2 O mM equivalents per mg of muscle based on a standard curve of the same compound prepared in advance. All determinations were performed at least in triplicate.
Determination of the 2-thiobarbituric acid reactive substances
A modified version of the method of Vyncke (1975) was employed. The chopped muscle was homogenized with 7.5% (w/v) trichloroacetic acid using an Ultra-Turrax blender (IKA-Werke GMBH & Co. KG, Staufen, Germany) and filtered through Whatman no. 1 filter paper. An adequate dilution of the filtrate was mixed (1:1) with 0.02 M thiobarbituric acid solution and incubated at 20 C for 15 h, and the absorbance was read at 532 nm on a spectrophotometer. A standard curve was prepared using 1,1,3,3-tetraethoxypropane as previously described (Botsoglou et al., 1994) . Results were expressed as mg of malonaldehyde (MDA)/100 g of fat and all determinations were performed at least in triplicate.
Statistical analyses
One-way and two-way analyses of variance were carried out. The SPSS Õ computer program (SPSS Inc., Chicago, IL, USA) was used, and differences between pairs of mean values were evaluated by the Tukey test using a 95% confidence interval.
RESULTS AND DISCUSSION
The analysis of the phenol content of the muscle is shown in Figures 2 and 3 for dolphinfish and sardine, respectively. Brining in brines supplemented with both extracts gave rise to a significant (p 0.05) deposition of phenols in muscle of the two species studied. However, quantitative differences were found between the batches brined with oregano and those brined with rosemary (B-O and B-R, respectively), the phenol content being higher in the former (p 0.05) in both species. The explanation can be found in the fact that oregano possess a higher total phenol content than rosemary: 41.6 mg caffeic acid equivalents/g towards 3.4 mg caffeic acid equivalents/g, respectively (Gomez-Estaca et al., 2009) . This trend agrees with other works found in the literature (Shan et al., 2005; Zheng and Wang, 2001) . Comparing the results in terms of species, we observed significantly (p 0.05) higher phenol values in dolphinfish, both for brining with oregano and for brining with rosemary. This may be due to the longer brining time for dolphinfish. With regard to the effect of high pressure, it did not have a clear effect on the phenol content in the muscle, which increased or decreased slightly, depending on the species studied and the antioxidant treatment applied in the brine.
The batches treated with the classic smoking process (with NaCl brine and subsequent smoking) showed a considerable deposition of phenols, which was greater in dolphinfish, and this was in agreement with the intensity of the smoking treatment applied in both cases (20 min for dolphinfish and 5 min for sardine).
The effect of pressurization of the smoked muscle on the phenol content differed according to the species of fish. In dolphinfish it was slightly greater when pressure was applied, whereas in sardine no changes were found. These differences might be due to the difference in size between the two species. Sardine fillets, due to their small size, presumably have a homogeneous distribution of the phenols throughout the thickness of the fillet after smoking. On the contrary, dolphinfish fillets are thicker, so that phenols are presumably more concentrated in the fillet surface, resulting in a phenol penetration into the muscle after high pressure treatment. Table 1 shows the reducing ability of the muscle of the two species. Both the dolphinfish and the sardine to which no antioxidant was added (batches R and B) had some reducing ability as measured by the FRAP method, which must be attributed to the endogenous antioxidant system of the muscle (Pazos et al., 2005) . The reducing ability of the batches with antioxidants, B-O and B-R, was significantly higher than that of the untreated batches for both species, and it was higher in batch B-O, in agreement with the total phenol content. As occurred for total phenol content, pressurization did not have a clear effect on the reducing ability of the muscle brined with antioxidants, and only one value was significantly (p 0.05) lower, in sardine brined with oregano and pressurized, which coincided with a lower total phenol content. With regard to the brined and smoked batches, the smoking process (batch B-S) contributed considerable reducing ability to the muscle in both species (Table 1) , and it was greater than the reducing ability contributed by oregano and rosemary extracts in dolphinfish and greater than the reducing ability contributed by rosemary extract in sardine. Comparing the two species, the reducing ability of the smoked dolphinfish was greater than that of sardine, owing to the higher phenol content, which resulted from the more intense smoking treatment. With pressurization, the reducing ability of the smoked dolphinfish muscle increased slightly, possibly owing to greater penetration of phenols, but in sardine no significant effect due to high pressure treatment was observed, as was also the case for total phenol content (Figure 3 ).
If we express the reducing ability in terms of mg of phenol (Table 2) , we can see that the phenols contributed by the natural antioxidant extracts are considerably more active in this respect than the ones contributed by smoking. This is because phenols resulting from smoking are mainly simple compounds (Guille´n et al., 2006; Guille´n and Manzanos, 2005) , with less antioxidant power than polyphenols from plant extracts. This would explain the greater reducing ability in batch B-O of sardine in comparison with B-S, despite the fact that the phenol content was about 3 times smaller. Figure 4 shows the results of the thiobarbituric acid reactive substances (TBARS) index for dolphinfish, and Table 3 shows the percentage of prevention of oxidation of the antioxidant treatments with respect to batches B and B-HP. Both brining and pressurization of the muscle produced a significant (p 0.05) increase in oxidation in comparison with the raw muscle after 15 h of preservation in refrigeration at 2 C AE 1, especially when they were applied in combination. When oregano or rosemary extract was incorporated during the brining stage (batches B-O and B-R), the oxidation derived from the brining treatment decreased significantly (p 0.05) by 19.7 and 19.2%, respectively (Figure 4 , Table 3 ) in comparison with the brined muscle (batch B). This prevention of oxidation was even greater when the brining treatment was combined with high pressure, with a reduction of 58.8% in batch B-O-HP and 29.4% in batch B-R-HP, in comparison with batch B-HP. Therefore, the oxidation-preventing effect of the rosemary extract was somewhat less, which might be partly due to the lower phenol content and reducing ability of the muscle (Figure 2, Table 1 ). Qualitative differences between the two antioxidant extracts might also have an influence. Although the major compound in both extracts is rosmarinic acid, gallic and protocatechuic acids were found in the oregano extract and chlorogenic acid in the rosemary extract (Gomez-Estaca et al., 2009) . Differences have been reported in the antioxidant activity of the various compounds in relation to the chemical form in which they are present. For example, a combination of two or more phenolic acids, as in the case of rosmarinic acid (a dimer of caffeic and hydrocaffeic acid), increases their antioxidant capacity considerably, whereas esterification of them reduces their antioxidant capacity, as occurs in the case of chlorogenic acid (caffeic acid esterified with quinic acid) (Chen and Ho, 1997; Cuvelier et al., 1992) . Other authors also found a reduction of lipid oxidation on high pressure-induced mackerel gels when they were added with rosemary extract or quercetin (Montero et al., 2005; Perez-Mateos et al., 2002) The antioxidant treatment that was most effective in preventing oxidation derived from brining or from pressurization in dolphinfish was smoking, since the TBARS values were lower than those of the brined batches (B and B-HP) and even similar to those shown by the raw muscle (with or without high pressure treatment, R and R-HP), which were the least oxidized batches. This result must be attributed to the high phenol content in the smoked dolphinfish (42.1 AE 0.4 mg/g muscle), compared with the values of 4.5 AE 0.1 and 2.1 AE 0.05 mg/g muscle in the batches treated in brine with oregano and rosemary, respectively. Also, as mentioned earlier, the reducing ability of the smoked muscle was greater than that of any of the other batches assayed. Furthermore, it must be noted that both when the muscle was treated in brine with oregano (batch B-O) and when it was treated in plain brine and smoked (batch B-S), no differences in oxidation were observed as a result of the effect of pressurization, in comparison with the corresponding batches maintained at atmospheric pressure.
The results of the TBARS index of the sardine muscle and the percentage of prevention of oxidation with respect to batches B and B-HP are shown in Figure 5 and Table 3 , respectively. The behaviour of the sardine batches is similar to that of the dolphinfish batches, since all the antioxidant treatments (brining supplemented with antioxidant compounds or smoking) reduced accumulation of MDA in the muscle, although the most effective treatment in this case was brining with oregano extract (up to 56% reduction), followed by smoking and by brining with rosemary extract, both for the brined batches and for the brined and pressurized batches. This is in consonance with the analysis of the reducing ability of the muscle, which was greatest for batch B-O, followed by B-S and finally B-R.
The TBARS index varied over a considerably greater range in dolphinfish (4-20 mg MDA/100 g fat) than in sardine (4-10 mg MDA/100 g fat). Furthermore, the percentages of reduction in oxidation as a result of antioxidant treatment were in general Figure 1 ) maintained at atmospheric pressure (AP) or high pressure processed (HP). Results are expressed as mean AE standard deviation. Different letters (a, b, c, d, e ) indicate significant differences between batches. Different letters (x, y) indicate differences due to pressurization. greater in dolphinfish than in sardine (Table 3 ). These differences observed between the two species in relation both to intensity of oxidation and to prevention of it by antioxidant treatment must be attributed, on the one hand, to their intrinsic characteristics, mainly the composition, and, on the other, to the processing conditions. Dolphinfish was the species that showed greater sensitivity to oxidation derived from processing (brining and/or pressurization), since, if we compare the oxidation of the respective B-HP batches of the two species, which are the ones that were subjected to the most intense oxidizing treatment, with the oxidation of the raw batches (batch R), which are the ones that were least oxidized, oxidation was 4.5 times greater in dolphinfish, whereas it was only 2.2 times greater in sardine. The dolphinfish in this study had a considerably lower fat content than the sardine (1.5 g/100 g as opposed to 12.8 g/100 g, respectively), and this lower fat content might be one of the causes of the higher oxidation levels in dolphinfish. This is because fish species with a higher fat content have a higher relative content of saturated fatty acids (Beltran and Moral, 1990) , which are more stable against oxidation, as compared to lean or semi-fatty species such as dolphinfish (Ostrowski and Divakaran, 1989) . Specifically, the lipid fraction of the fatty sardine studied by Beltran and Moral (1990) had 32% of saturated fatty acids, as opposed to the dolphinfish studied by Ostrowski and Divakaran (1989) which had 22% of saturated fatty acids. Furthermore, with regard to processing, dolphinfish had a higher added phenol content and therefore a higher reducing ability than sardine. The greater reducing ability in dolphinfish combined with greater sensitivity to oxidation is probably the cause of the greater prevention of oxidation observed in this species. In view of the economic importance of sardine and the great effect of lipid oxidation on its deterioration, since it is a fatty species, this species was selected for a final study of combined treatment comprising brining with antioxidants and smoking and/or high pressure, in line with the current trend to apply combined preservation treatments. The lipid oxidation results, represented graphically in Figure 6 , showed a significant (p 0.05) reduction in oxidation, both in the pressurized batch and in the non-pressurized batch, when oregano extract and smoking were applied jointly, in comparison with the batch that was only smoked. Specifically, the reduction in lipid oxidation for the no pressurized batches was 42% for B-O-S and 29% for B-S (as compared to B batch), and it was 36% and 9.7% for B-O-S-HP and B-S-HP (as compared to B-HP batch), respectively. In contrast, the combination of rosemary extract and smoking did not produce an additional oxidation-preventing effect in comparison with processing of the muscle by plain smoking. 
